ABSTRACT
In iron-deficiency anemia, the red blood cells are smaller than normal and contain a decreased amount of hemoglobin. Iron-deficiency anemia can be very simply treated by oral administration of any one of several organic or inorganic iron compounds (2, 3) . A wide variety of suitable therapeutic iron agents are available: reduced iron; soluble ferrous salts such as ferrous sulfate, ferrous chloride and ferrous glutamate; insoluble ferrous salts such as ferrous lactate, ferrous fumarate, and ferrous carbonate; and soluble ferric salts such as ferric ammonium citrate and ferric phosphate with sodium citrate. Unfortunately, ferrous lactate, ferrous chloride and ferrous sulphate are medicines used in the 1970's and nowadays, only have historical significance in this respect. They are applied in the form of microelement food additives Soluble iron preparations (iron-dextran; iron-dextrin; iron-polysaccaride, peptonized iron) were administered by parenteral injection (4) . The irondextran products were introduced in veterinary medicine in 1954 in England. The Imferon-50 was the first commercial product (5) . In our country, extensive pharmacological studies with iron-dextran complexes were conducted in rabbits and pigs (6, 7) .
In recent years, inorganic iron salts intended for the feed have been replaced by organic chelate complexes of iron with a single amino acid (US Patent # 4.067.994 regarding Feric Methionine Complex) or by an acid complex (US Patent # 5.698.724 regarding Iron Amino acid complex). It is assumed that chelates have pharmacological and technological advantage over inorganic salts. Unfortunately, there is insufficient scientifi c basis for comparison of organic iron complexes and inorganic salts (mainly the ferrous sulphate). As regards to the pharmacokinetics of ferrous methionate, the studies are quite insufficient, especially those in pigs (8) . There is no information on the pharmacokinetics of iron compound in animals and especially in birds.
The purpose of this study was to determine the pharmacokinetics of iron after single intravenous and intraingluvial administration in broiler chickens of an inorganic compound -ferrous sulfate, and of an organic one -ferrous methionate. The other aim was to compare the pharmacokinetic parameters between ferrous sulfate and ferous methionate.
MATERIALS AND METHODS

Animals, feeding and breeding
Thirty-two broiler chickens-linear hybrid ROSS-IKOV, equal in number of both genders, weighing 1.140-1.420 kg were involved in the comparative pharmacological test. The birds were divided into two groups. The fi rst group was treated with ferrous methonate and the second -with ferrous sulfate. Each group included 16 birds (8 male and 8 female) and was subject to a single intravenous and a single intraingluvial treatment. After a 20-day "wash-out" period of cleansing following i.v. injection, both iron compounds were administered intraingluvially by an elastic silicone tube into the crop.
We were breeding the birds in individual metal cages at an ambient temperature within the range of 20-22° C and air humidity 50%. The broilers were fed with pelleted fodder for growing birds. They had free access to drinking water.
Drugs
Two iron products were used in the comparative pharmacokinetic test -ferrous sulphate (Fe 2 SO 4 .7H 2 O) manufactured by the Merck company and ferrous methionate (synthesized and provided by the Department of Organic Chemistry at the University of Chemical Technology and Metallurgy -city of Sofi a, Bulgaria) produced by the interaction of geometionin and ferrous sulphate hydrate in a water environment.
Experimental design
We prepared working solutions of both products in a concentration of 1 % with sterile distilled water. The solutions were needed for the intravenous injection and intraingluvial treatment of the birds. The organic chelate complex and inorganic salt of the iron were intravenously injected in a dose of 5 mg Fe 2+ /кg body weight and in the intraingluvial administration in a dose of 10 mg/kg body weight. We prepared the working solutions ex tempore, immediately before the treatment of the broiler chickens. For the intravenous application, the solutions were heated in a water bath to a temperature of 37° C and slowly administered a bolus injection in the brachial vein (v. brachialis) of the right wing. The intraingluvial administration of the ferrous methionate and ferrous sulphate aqueous solution was made directly into the crop through an elastic silicone tube and syringe after a 16 h diet. There was a 20-day "wash-out" period between the two modes of administration in each of the two groups for cleansing the chickens' body from the organic or inorganic iron product. We obtained the blood samples (each of 1 ml) in Eppendorf tubes with a cover at 0 (prior to the treatment), 0.17, 0.33, 0.50, 1, 2, 4, 6, 8, 10, 12 and 24 h after the treatment. The obtained blood samples stayed for 2 hours at room temperature, so as the blood serum to be separated. For better and more complete separation of the blood serum we centrifuged the samples at 1500 × g for 15 min in a refrigerated centrifuge. The serum of the birds from both groups was stored within 24 h at a temperature of -20° C in a refrigerator.
The available amount of iron in the blood samples was determined in a specialised biochemical laboratory through bioanalyser (BS-200, Myndray Co.). The bioanalyser is a spectrophotometer which uses the direct ferrene method, at wavelength λ = 600 nm. The principle of the method used was based on the fact that the ferric ions decompose in acidic environment under the infl uence of transferrin. The ascorbic acid, which was a component of the reducer used, reduced the ferric ions, which reacted with the chromogen (Ferren, 3 -(2-pyridyl) -5,-6-difuril-1, -2,-4-triazine disulphonate). This resulted in formation of a colour compound.
The pharmacokinetic parameters were determined by using two approaches -the compartmental method and non-compartanmental analysis (9) , which required the use of specialised softwarepharmacokinetic programme TopFit, v.2.0. (10) . The determination of the pharmacokinetic parameters was consistent with the criteria of Akaike (11) and the Schwartz's test (12) .
The rate constants, characterising the phases of distribution and elimination (α, β); the rate constants of elimination from the central compartment (k el ) and those of transition from the central to the peripheral compartment (k 12 ) and vice versa -from the periphery to the centre (k 21 ) were determined. Further determinations were made of the half-life time (T 1/2α ) and elimination half-life (Т 1/2β ); the mean residence time (MRT) and mean absorption time (MAT); the absorption half-life time (Т 1/2abs. ); hidden time (Т lag ); volume of distribution (Vd (area) ) and that at steady state (Vss); volume of distribution in the central (V c ) and tissue compartment (V t ); total body clearance (Cl B ); area under the serum concentrationtime curve from 0 to ∞ (AUC 0→∞ ); absorption rate constant (k аbs. ); maximum serum concentration of the iron (С max ) and the time to reach C max (T max ) and the absolute bioavailability (F).
All pharmacokinetic parameters were calculated individually for each chicken and the values were expressed as mean values ± standard error (SEM). We used the statistical computer programme Statistica 6.1. in the comparative pharmacokinetic study, as the results were processed through two different methods -parametric (one way ANOVA) and non-parametric (Mann-Whitney U test). The data obtained is presented in tabular form. .s); loss during drying (%) and Hausner ratio, in order to establish which of both ferrous medicinal products intended for internal application would better and more uniformly distribute when mixed with the chickens' concentrated fodder.
Additional tests
RESULTS
The mean serum concentrations of iron in both drug products after intravenous and intraingluvial treatment of broiler chickens are presented in Table 1 and Fig.1 , respectively. Statistically significant differences compared to the ferrous sulphate; u 1 -Mann-Whitney test at p < 0.05; u 2 -at p < 0.01; a 1 -ANOVA at p < 0.05; а 2 -at p < 0.01; а 3 -at p < 0.001.
The tracing of the individual serum curves showed significant similarity. After i.v. injection of both Fe compounds (ferrous methionate and ferrous sulphate) the curves from the individual serum concentrations in all chickens corresponded to the two-compartmental pharmacokinetic model. Following intraingluvial administration the serum The pharmacokinetic parameters of both drug products compared after intravenous and intraingluvial treatment are presented in Table 2 and Table 2 . Pharmacokinetic parameters of the ferrous methionate (FM) and ferrous sulphate (FS) after a single intraingluvial treatment of broiler chickens with 1 % solution in a dose of 10 mg / kg body weight When conducting the rheological tests of the ferrous metionate and ferrous sulphate substances carried out, it was established that ferrous sulphate does not flow freely while the indices (quiescence angle and flow rate) cannot be directly determined. This result is most probably due to the high value of the loss during drying index (37 %). The results for ferrous methionate are best determined with respect to the rheological indices -quiescence angle (30.65°), flow rate (2.25 g/cm 2 .s) and Hausner , s ratio (1.14). They provide grounds to determine the fl ow behavior of ferrous methionate as good.
DISCUSSION
In the intravenous injection of the broiler chickens with both iron compounds in the same concentration and dose, the serum concentrations of Fe + in the group of broiler chickens injected with ferrous methionate were higher in all time intervals during the blood sample taking than those found in the group injected with ferrous sulphate, in the presence of significance in the values at the 0.33, Statistically significant differences compared to the ferrous sulphate; u 1 -Mann-Whitney test at p < 0.05; u 2 -at p < 0.01; a 1 -ANOVA at p < 0.05; а 2 -at p < 0. 01; а 3 -at p < 0. 001.
8 and 12 hour after the intravenous bolus injection of the drug products used (Table 1 ).
In the intraingluvial administration similar trend in the serum concentrations was found in the first time intervals during the blood sample taking, corresponding to the phase of absorption, without any statistical significance in the differences found (Table 1) . After intraingluvial application of both iron compound, the iron levels in the blood serum of ferrous methionate were lower than these of ferrous sulfate, which is probably due to the higher percentage of binding to the serum proteins, and better and more rapid tissue penetration (in tissue peripheral compartment) (see pharmacokinetic parameters K 12 and K 12 /K 21 in Table 3 ).
After the intravenous injection of the birds, statistically significant differences in the values characterising the phase of distribution of both iron products were observed. They may be determined, as follows: significantly higher values of the "α" phase in ferrous methionate compared to those of ferrous sulphate; faster penetration of iron from the central to the peripheral compartment in the organic chelate complex (ferrous methionate) compared to that of the inorganic salt (ferrous sulphate), which was demonstrated by the significantly higher values of the hybrid rate constant k 12 ; statistically significantly slower return of the iron ions from the peripheral to the central compartment in ferrous methionate, as evidenced by the significantly lower values of k 21 in ferrous methionate compared to those observed in ferrous sulphate; statistically significantly shorter halflife time (T 1/2α ) in ferrous methionate compared to that of ferrous sulphate; significantly higher values of the parameter A and the ratio k 12 /k 21 in ferrous methionate compared to those of the inorganic salt of the iron (Table 3) .
There were no statistically significant differences between the two iron compounds and certain parameters, which did not depend on the model, such as biological half-life (Т 1/2β ), mean residence time (MRT) and AUC 0→∞ , set according to the compartmental method and the non-compartanmental analysis in the intravenous bolus injection of ferrous methionate and ferrous sulphate of broiler chickens (Table 2 and Table 3 ). In the birds injected with ferrous methionate the values of Т 1/2β and MRT were significantly higher in both pharmacokinetic methods compared to those observed after the intravenous injection of ferrous sulphate. The longer exposure to the iron after injection of the organic chelate complex was probably due to its high ability to bind to the serum proteins. The higher content of iron in the chickens injected with ferrous methionate may be explained by the fact that the organic complex of Fe 2+ , compared to the inorganic salt (ferrous sulphate), had a higher molecular weight (426.0) than that of ferrous sulphate (278.02). Probably another significant reason for the different retention time of Fe 2+ in the blood after intravenous application was the ability of ferrous sulphate to pass easily into an ionisation state before connecting to the serum proteins and tissue protein structures, since the ionised substances were excreted more rapidly from the body through the kidneys.
Due to the significantly higher serum concentrations of iron after intravenous application of ferrous methionate compared to those observed after the injection of ferrous sulphate, the values of AUC 0→∞ and AUMC 0→∞ in the group treated with ferrous methionate were statistically significantly higher than those observed after the application of the inorganic salt of the iron. We found that after the intravenous injection of the organic chelate complex (ferrous methionate), Fe 2+ was distributed in significantly lower volume compared to that in the birds injected with inorganic salt (ferrous sulphate), which was evidenced by the values of Vd, Vss and Vc (Table 3 ).
In the intraingluvial treatment of the broiler chickens with ferrous methionate or ferrous sulphate, the absorption half-life time (Т 1/2аbs. ) values and those of the MAT parameter showed that the ferrous methionate was statistically significantly absorbed in a shorter time by the digestive tract of the birds compared to the inorganic salt used, at p < 0.05. This mode of administration of both iron compounds showed that ferrous methionate stayed longer in the broiler chicken body, as evidenced by the values of the biological half-life (Т 1/2β ) and those of the mean residence time (MRT) determined through both pharmacokinetic methods. There was a similar trend in other pharmacokinetic parameters -AUC and AUMC, which showed better distribution of the organic chelate complex compared to the inorganic salt of the iron, at p < 0.001 for AUMC ( Table 2) .
The intraingluvial administration of the organic chelate complex of the iron and the inorganic salt in the birds showed that the maximum serum concentrations (C max ) were higher in ferrous methionate and reached much faster (Т max ) after the administration of both drug products.
There are no studies about the pharmacokinetics of the iron in broiler chickens and therefore we may do a comparison with the data set for other animal species and humans. The information about the pharmacokinetics of the iron in pigs after p.o. administration of iron methionate at a dose of 20 mg/kg is of interest in the literature. The maximum serum concentrations, which we determined in the chickens by using the two pharmacokinetic methods, were significantly lower than those determined by Petrichev M. (8) The specified rheological indices of the ferrous methionate powder mixture would provide its uniform distribution when mixed with the birds' fodder. The ferrous methionate smaller particles have larger surface within the powder mixture, which in turn would result in a greater surface of contact between the ferrous chelate complex and the birds' fodder.
A modern pharmacokinetic profile of the ferrous sulphate and ferrous methionate in broiler chickens has been created, which is a good basis for demonstrating the benefits of the organic complexes (chelates) of iron compared to its inorganic salts.
Moreover, the advantages of some pharmacokinetic parameters (AUC 0→∞, t 1/2β , C max and T max ) established in the organic complex compared to the inorganic salt of iron suppose better bioactivity after entering the body of the broiler chickens.
The rheological studies of ferrous methionate and ferrous sulphate have shown that the fl uidity of the organic chelate complex is significantly better than that of the ferrous sulphate, which suggests its better homogenization with the bird and pig fodder.
